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Back~round: The t r a n s f e r  of momentum during an impact and the  f r a c t i o n  
of impactor momentum t h a t  can change the  angular momentum of a  p l  anetary 
body a f f e c t s  t h e  spin r a t e s  of a s t e r o i d s  and comets a s  well  a s  the  
evolut ion  of angular momentum for  l a r g e r  p lanetary  bodies (Earth-Moon, 
Venus?), Most e x i s t i n g  data  descr ibe  momentum t r a n s f e r  from impacts i n t o  
b r i t t l e  ma te r i a l ,  thereby r e s u l t i n g  i n  l a rge  spa11 fragments (1,2,3) .  This 
may no t  be an appropr ia te  model s ince  a s t e r o i d  surfaces  probably have a  
r e g o l i t h  and s ince  s u f f i c i e n t l y  l a rge  events r e s u l t  i n  shock eomminution 
p r i o r  t o  excavation. Consequently, use of granular  t a r g e t s  provide a  
b e t t e r  analogy for  l a rge  events.  Moreover, r ecen t  experiments reveal ing  
s i g n i f i c a n t  vapor iza t ion  a t  low impact angles ( 4 )  would lead t o  the  
p red ic t ion  of a  momentum component i n  t h e  opposi te  sense, i .e .  uprange. A 
completely s a t i s f a c t o r y  experiment would be i n  a  low grav i ty  environment 
where the  e f f e c t  of momentum imparted by e j e c t a  impacting t h e  surface  can 
be removed or con t ro l l ed  from momentum t r a n s f e r  during impact (5).  
Nevertheless, prel iminary es t imates  can be made using a  b a l l i s t i c  pendulum. 
Such experiments were i n i t i a t e d  a t  the  NASA-Ames Ver t i ca l  Gun Range in  
order t o  examine momentum t r a n s f e r  due t o  impact vapor iza t ion  for  oblique 
impacts, but during c a l i b r a t i o n ,  in t r igu ing  new r e s u l t s  have been obtained 
fo r  non-volat i le  t a rge t s .  
The impact experiments involved a  physical  (compound) pendulum using a  
small sand-f i l led  t a r g e t  f r e e  t o  swing on a  platform suspended by four 
wires. The t a r g e t s  consisted of No. 24 sand and dry-ice blocks/powder; the  
p r o j e c t i l e s  included aluminum, lexan, pyrex, and pyrex c lus te r s .  Impact 
v e l o c i t i e s  ranged from 1 t o  8  km/s with impact angles from 1 5  t o  45'. An 
apron surrounding the  pendulum (but not  a t tached)  decreased the  e f f e c t s  of 
momentum added by the  deposi t ion of e j e c t a .  Successive mylar diaphragms 
minimized any poss ib le  e f f e c t  of muzzle b l a s t .  A high frame-rate (200 f p s )  
video camera system provided both v e r t i c a l  and s ide  real-time views and was 
complemented by a  higher r e so lu t ion  f i lm record a t  400 fps.  
Resul ts :  I n i t i a l  ana lys i s  r e v e a l s  t h a t  the  measured e f f i c i ency  of 
momentum t r a n s f e r  (target-muaentum/impactor-momentum) for  15' impacts i s  
t y p i c a l l y  below 31 2% a t  hyperve loc i t i e s  (> 4km/ s )  , a  value s i g n i f i c a n t l y  
lower than the  50% - 100% commonly c i t e d  (2,6) .  This su rp r i s ing ly  low 
e f f i c i ency  i s  l a rge ly  the  r e s u l t  of the  impactor r icocheted downrange a s  
previously documented (8,9).  Aluminum witness p l a t e s  posi t ioned downrange 
from the  point  of impact recorded both the  d ispers ion  and angle of 
r icocheted  fragments and a r e  cu r ren t ly  undergoing a n a l y s i s  i n  order  t o  
determine the  t o t a l  energy l o s t  by t h i s  process. 
Momentum t r a n s f e r  e f f i c i ency  (k)  appears t o  decrease with increasing 
ve loc i ty :  from 12% a t  3 km/s t o  l e s s  than 8% a t  6  h / s  from 0,635 cm- 
diameter a l  uminum spheres. Prel iminary data  fu r the r  ind ica te  t h a t  t t e  
value of k  increases  with impact angle: about twofold from 15' t o  30 . 
This t rend is cons i s t en t  with the  observation t h a t  l e s s  p r o j e c t i l e  ma te r i a l  
i s  r icocheted  domrange with increas ing impact angle. There a l s o  may be 
p r o j e c t i l e  s i z e  and dens i ty  e f f e c t s  where decreasing p r o j e c t i l e  s i z e  and 
dens i ty  increases  k; however, add i t iona l  experiments a r e  necessary. 
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Fina l ly ,  e a s i l y  vo la t i zed  t a r g e t  ma te r i a l  appears t o  increase  downrange 
momentum t r a n s f e r  although t h i s  e f f e c t  may ye t  be due t o  other  f ac to r s .  
Momentum t r a n s f e r  t y p i c a l l y  i s  i n i t i a t e d  p r i o r  t o  completion of c r a t e r  
fo rna t ion  ( 100 ms) and, the re fo re ,  before  e j e c t a  enplacerment. However, 
the re  cons i s t en t ly  appears t o  be a very m a l l  uprange component immediately 
((10 a s )  a f t e r  impact, 
Discussion & Implicat ions:  The prel iminary r e s u l t s  i n d i c a t e  t h a t  
momentum from oblique impacts i s  very i n e f f i c i e n t  : decreasing with 
increasing impact v e l o c i t y  and perhaps s i z e ;  increas ing with decreasing 
dens i ty ;  and increas ing with increasing impact angle (from hor izon ta l ) .  A t  
face  value,  such r e s u l t s  minimize the  e f f e c t  of momentum t r a n s f e r  by 
grazing impacts; the  more probable impact angles of 30' would have a 
g rea te r  e f f e c t ,  cont rary  t o  the  commonly held impression. The process of 
momentum t r a n s f e r  , however, may involve two opposing component a. Although 
t h e  asymmetric d i s t r i b u t i o n  of e j e c t a  during emplacement imparts momentum 
downrange, t h e  e j e c t i o n  process should r e s u l t  i n  an i n i t i a l  momentum 
component uprange p r i o r  t o  emplacement. A m a l l  uprange motion has  been 
t e n t a t i v e l y  i d e n t i f i e d ,  but the  i n e r t i a  of the  b a l l i s t i c  pendulum is  
r e l a t i v e l y  la rge .  The dominating e f f e c t  of subsequent e j e c t a  enplacement 
can mask t h i s  b r i e f  uprange component. On planetary  bodies where the  near- 
r i m  e j e c t a  a r e  r e t a ined  (small bodies or l a rge  events  on l a rge  bodies) ,  
momentum t r a n s f e r  i s  l i k e l y  t o  be l e s s  than 10%. It  i s  conceivable, 
however, t h a t  momentum t r a n s f e r  fo r  small ob jec t s  may not  only be l e s s  than 
10% but  even i n  a  negat ive  sense. Consequently, u n t i l  these competing 
responses have been defined,  we must approach app l i ca t ions  with caution,  
Further  experiments a r e  necessary i n  order t o  confirm the  observed 
preliminary t rends  and t o  t e s t  the  l i m i t s  of appl ica t ion .  Ongoing 
complementary s tud ies  of e j e c t a  d i s t r i b u t i o n  fo r  oblique impacts (9) may 
he lp  t o  r e so lve  the  competing r o l e s  of e j e c t i o n  and e j e c t a  emplacement, 
Controlled experiments under a  low-g environment, however, would permit 
evaluat ing  t h e  e f f e c t s  i n  absence of e j e c t a  anplacement and more sub t l e  
phenomena damped by pendulum systems y e t  r e l evan t  t o  producing angular 
momentum in  p lanetary  objec ts .  
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